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FOREWORD 

The various program changes that a r e  described in  L , s  repor t  were  

completed as  par t s  of severa l  research  efforts which had cur ren t  needs for 

these refinements. 

under Contract No. DA-30-069-ORD-3443, ARPA Order  No. 253-62.  Both 

the revised Runge-Kutta integration scheme and the polynomial approximation 

to  the thermodynamic properties (i. e. , thermo-fit routine) were  supported 

by NASA under Contract No. NASr-119. 

kinetic model was completed under NASA Contract No. NAS 5-3976, Goddard 

Space Flight Center . 
the preparation of the present  report  were supported by Cornel1 Aeronautical 

Lab0 ratory.  

The normal-shock correspondence method was supported 

The change in  dimensions of the 

Both the recoding of the program in F o r t r a n  IV and 

It should be pointed out that this computing program has been de -  

veloped to obtain specific results.  It has proven to be successful and a c -  

cu ra t e  within the range of application for  which it was designed. However, 

individual application beyond the scope o r  intent of the present formulation 

will  undoubtedly require  meticulous checkout. 
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ABSTRACT 

The investigation of the relaxation processes  of multicomponent 

reacting gases  behind normal  and bow shock waves have been presented 

ea r l i e r  in a two-part report ,  which provides a detailed discussion of the 

nonequilibrium shock wave programs developed at Cornel1 Aeronautical 

Laboratory. Since P a r t s  I and I1 were written, a number of modifications 

have been introduced in the normal shock program and the present  report  

(Part 111) presents  a discussion of the major  changes and improvements to 

the normal  shock program. 

in  detail, including c a r d  additions, input-output format  changes and 

complete flow diagrams of all modified subroutines. 

The changes in the program itself a re  given 

iii 



I -  

I -  

FORWARD 

ABSTRACT 

LIST O F  SYMBOLS 

TABLE O F  CONTENTS 

Page  

1. INTRODUCTION 

2. CORRESPONDENCE EQUATIONS 

3. THERMO-FIT METHOD 

4. REFERENCES 

APPENDIX I. REVISIONS AND MODIFICATIONS TO 
THE NORMAL SHOCK DECK 

APPENDIX 11. CURVE-FIT PROGRAM 

.. 
11 

iii 

V 

1 

4 

8 

12 

13 

48 

iv 



LIST OF SYMBOLS* 

L' reference length in normal shock 

MO init ial  flow Mach number 
M W '  

klw = - Mid' molecular weight of gas mixture; I4 W,' 

8 s '  

r' translational temperature;  

shock radius of curvature  on centerline f o r  bow shock 
7 .  - T '  

7' 
' 0  

Y '  Y '  
5 L' or - - y' coord ina te  normal  to  shock; y = 

1' degree of nonequilibrium for  ith react ion 

Subscript  o indicates f r ee  s t r eam conditions ahead of shock wave 

P r i m e s  denote dimensional quantities 

rlr 1- 

Definitions of symbols which appear in the Appendices and a r e  not defined 

in  this repor t  a r e  given in Parts I and I1 (Refs. I and 2). 
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1. INTRODUCTION 

Investigations of the nonequilibrium thermodynamic and chemica l  

phenomena occurring in the shock layer around the nose of hypersonic 

vehicles have led to  the development of numerical  methods of solution uti l iz-  

ing high-speed computers.  Parts I and I1 of this report  (Refs. I and 2 )  

descr ibe  in detai l  two computer programs developed at CAL for  the purpose 

of investigating the thermal  and chemical relaxation of a complex mixture  of 

reacting gases  behind strong shock waves. The normal  shock program con- 

c e r n s  the relaxing flow behind a plane shock wave, while the bow shock 

program util izes the inverse method to determine the inviscid, nonequilibrium 

flow around the blunt nose of a n  axisymmetr ic  hypersonic vehicle. Part I 

of the report ,  General  Analysis and Numerical Examples, d i scusses  the de -  

velopment of the equations involved in the analysis and presents  numerical  

solutions fo r  both normal  and bow shock waves. 

Computer P r o g r a m s  presents  a detailed description of the F o r t r a n  I1 programs.  

Part 11, The IBM 704 

Since Parts I and I1 were written, the programs have been in general  

u se  at CAL and f r o m  time to  time they have been modified to meet' the r e -  

quirements  of a new problem. This is particularly t r u e  of the normal  shock 

program,  which has  proven to be a n  extremely versat i le  tool fo r  the investi-  

gation of reacting gas flows. It is felt that the general  usefulness of these 

improvements  in  the normal  shock program warran ts  their  publication a s  

Part I11 of the overal l  report .  The revised normal  shock program differs 

f r o m  the original, as descr ibed in Refs. 1 and 2, in five major  respec ts ,  

which will be descr ibed in the present report .  These changes a r e  as follows: 
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1. The program has been changed to  For t r an  IV language f o r  use  on 

the IBM 7044 computer.  

The maximum dimensions of the kinetic model used to descr ibe  the 

overal l  relaxation process have been changed f r o m  20 species  and 

40 reactions to 15 species and 65 reactions. 

prompted by a study of ionization phenomena behind shock waves, 

where a large group of ionization reactions was employed to  descr ibe  

electron formation in the relaxation zone a t  high temperatures .  

2. 

This change was 

3 .  A modified Runge -Kutta method of numerical  integration, developed 

3 

Coupled differential equations which descr ibe the 

by C. E. Treanor  , has been incorporated in  the revised normal  

shock program. 

simultaneous relaxation of different components a t  great ly  different 

ra tes  present a difficulty in numerical  integration, since the integra- 

tion interval  i s  determined by the fas tes t  ra te ,  and the extent of the 

region of integration is determined by the slowest rate.  In problems 

of high temperature  air flows, f o r  example, the chemical  ra te  equa- 

tions sometimes have this charac te r ,  involving both fast  and slow 

chemical  ra tes  in some regions of integration, 

with maximum integration s tep  s ize ,  discussed in Refs. 1 and 2, 

have been greatly alleviated with this technique, enabling the numer-  

ica l  solutions to proceed without oscillations generated by the usual 

Runge-Kutta procedure in the approach to equilibrium. F o r  a de- 

tailed presentation of th i s  modified Runge-Kutta technique, refer  - 

ence should be made to Ref. 3 .  

Difficulties ar is ing 
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4. 

5. 

The revised normal  shock program can  use  the computed propert ies  

t o  predict  the flow properties along a bow shock stagnation s t r e a m -  

line, and to compute the nonequilibrium bow shock standoff distance. 

This involves the use  of the "correspondence" method, which is 

descr ibed in detail  by Gibson and Marrone in Ref. 4. 

analysis of the method is given in Ref. 4, the technique of numerical  

solution of the pertinent equations has  never  been presented in a 

unified manner.  

r e  port, 

The generality of the thermodynamic model has been extended by 

5 Joss , through the use of "thermo-fit" polynomials to descr ibe the 

enthalpy and f r e e  energy of complex species.  The original model 

allowed for  a mixture of reacting ideal  gases,  the species being 

ei ther  monatomic o r  diatomic, and their  vibrational energy descr ibed 

as that of simple harmonic oscil lators.  

nomials in the revised program now allows f o r  mixtures  containing 

complex species  (i. e . ,  C 0 2 ,  H2O) as well a s  diatomic species 

described ei ther  a s  simple osci l la tors  or  through thermo-fits .  

discussion of this thermo-fit procedure i s  presented in Section 3 

of this  report .  

Although the 

This will be discussed in Section I1 of the present  

The use of thermo-fit  poly- 

A 

It should be pointed out that i n  converting and revising the original 

no rma l  shock program the model of vibration-dissociation coupling utilizing 

preferent ia l  dissociation f rom excited vibrational levels has  been deleted. 

The revised deck discussed in this repor t  includes the nonpreferential (or  

CVDV) vibration-dis sociation coupling model along with the usual options of 
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uncoupled vibration and dissociation, o r  vibrational equilibrium during d is -  

sociation. F o r  computations involving the preferent ia l  model, recourse  

should be made to the original program (Refs. I and 2 ) .  

It is the purpose of this report  p r imar i ly  to  descr ibe the changes i n  

programming involved in the above revisions, and the modifications to pro-  

g r a m  input and output. 

subroutines, new input cards ,  and detailed flow diagrams of all additions 

and modifications to the original program. 

Consequently, Appendix I presents  a list of new 

2. CORRESPONDENCE EQUATIONS 

The analysis presented in Ref. 4 descr ibes  an approximate solution 

f o r  complex chemistry fo r  inviscid, blunt-body flows. The solution is  de-  

r ived f rom a correspondence between the chemical relaxation zone along a 

s t reaml ine  and that behind a normal shock. Since a detailed description of 

the correspondence method is given in  Ref. 4, only a discussion of the appli-  

cat ion of this method to  the normal shock program will be given here.  

The normal  shock solutions a r e  t ransformed to s t reamline solutions 

utilizing a new coordinate 2 (which i s  designated a s  in Ref. 4),  as  

where  pr imes  denote dimensional quantities. The variable y is the 

dis tance behind the normal  shock. Thus, at the shock, 

y = 0 and 3 = 0, 

and fo r  the stagnation s t reamline case ,  at the body stagnation point (where 

e quilibrium exists ) , 
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1 since U-b 0. j - "  

lation. Equation ( 3 )  is solved in 

e =  Y(3 )  
d 2  

The integral  in Eq. ( I )  i s  programmed as a differential equation and the 

value of 9 is  actually computed f r o m  

and is updated at each value of y in the numerical  solution, using the 

Runge-Kutta method. F o r  the special  c a s e  of the stagnation s t reamline,  

additional equations a r e  solved step by s tep  along with Eq. ( 2 ) .  F r o m  the 

assumptions employed f o r  the pressure  and velocity near  the stagnation r e -  

gion, ( s ee  Ref. 4), the following equation is obtained 

where  

and 

y ( $ )  is used in defining the velocity component paral le l  to  the body, 

The value of [ P o ]  is the p re s su re  immediately behind the shock wave, and 

RkL is the shock radius on the centerline, in  cent imeters .  The running 

subscr ipt  .t! 

shock rad i i  (i. e. , 

is used to denote the fact  that five separate  input values of 

A! runs f r o m  I through 5) can  be used (see Appendix I), 

so  that five corresponding flows can be obtained for  each normal  shock calcu-  

a manner s imi la r  to  Eq. ( I ) ,  that  is 

and 

(5) 
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8 is obtained f r o m  Eq. (6) and is  updated at each value of y in the num- 

e r i c a l  solution. 

The distance f r o m  the shock wave along the stagnation s t reamline is 

ce given in nondimensional f o r m  a s  

1 . .  . . , 5). To compute this distance 

and is writ ten as 

(again 1 
another in tegra l  is used 

is the running subscript  

and is updated in the solution. 

generali ty,  to make the calculation applicable to  e i ther  two-dimensional 

(d = 0) o r  axisymmetr ic  (d = I )  bodies, one obtains 

The value of CJ is then computed and, for 

f o r  d = 0 ,  o r  I .  

Equation (9) is rewri t ten a s  

and is a l s o  updated in  the numerical  integration. 

t ions can  be seen in the flow char t  for Subroutine DER, page 2 of LG02 in 

Appendix I. 

line is computed as the integration proceeds. 

the var iables  get sufficiently close to  equilibrium s o  that they remain e s sen -  

t ia l ly  constant the r e s t  of the way in  to the stagnation point (program checks 

a re  used  to determine this point, such as  the value of 

The above-mentioned equa- 

Thus, the distance from the shock along the stagnation s t r e a m -  

At some point in the solution 

xi for  all chemical 
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8 

reactions,  i, fo r  example). At this point, i f  all variables a r e  a s sumed  con- 

stant, a closed f o r m  integration f rom the last value of 2 to 9-03 is 

computed and this value is added to the ( C e  )v a t  this las t  value of 3 
obtain the overal l  shock-standoff distance. 

this "almost equilibrium" point may occur near  the shock ( la rge  body) or  

near  the body for  small values of 

value of 2 , and ( c ~ , ) ~  is the distance at this point, the nondimensionalized 

standoff distance 

to  

Depending on the value of 8 ' 
5.& ) 

,.J 
8i l  . If cj is considered as the las t  

5/eik is obtained f rom,  

and 

. 
The t e r m  hg is given as 

where  it is understood that all of these var iables  a r e  evaluated at the last  

computation point. 

routine STOP, LG09 in  Appendix I. 

These equations can  be seen in the flow cha r t  for  Sub- 

The correspondence technique is ve ry  useful fo r  the rapid investiga- 

As shown in Ref. 4 and in the extensive study t ion of hypersonic flow fields. 

presented in Ref. 6, s t reamline mapping using this technique has  proven 

ve ry  s u c ~ e s s f u l ,  and nonequilibrium standoff distances computed using this 
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technique compare  with exact bow-shock solutions with discrepancies of l e s s  

than 57'0. 

A description of input and output modifications involved in this c o r -  

respondence calculation a r e  given in Appendix I. 

3.  THERMO-FIT METHOD 

The original normal-shock program utilized a model f o r  the thermo-  

dynamic description of diatomic species as simple harmonic osci l la tors  

(Refs. 1 and 2). With this model the reacting gas  could be ixture of mon- 

atomic and diatomic species.  
,& 

To generalize the model to allow fo r  complex 

molecular  species,  a thermo-fit  method has been added to  the program. The 

following discussion of this modification, is based on the description given in  

Ref. 5 by Joss. 

Under the conditions of vibrational equilibrium, the enthalpy and 

f r e e  energy of complex molecules a r e  functions of the translational tempera-  

t u r e  of the gas. A curve representing these data, based on experiment,  can  

be fitted by polynomial equations. 

fitting. The problem of defining the thermodynamic propert ies  of a complex 

spec ies  is thus reduced to  one of obtaining the proper  coefficients to be used 

i n  the thermofit equations. The use of this method for  a given component in- 

This procedure has  been named thermo-  

volves the assumption that the component is in  vibrational equilibrium with 

the translational tempera ture  in the relaxation zone behind the shock wave. 

For the case  of a diatomic species in vibrational nonequilibrium, the s imple-  
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harmonic oscil lator technique is  used, with the vibrational energy defined 

by a vibrational temperature  ~ ' r v  , different f r o m  the t ranslat ional  temperature .  

F o r  any gaseous species,  a relationship exists between the enthalpy 

and f r e e  energy, since both a r e  functions of the temperature .  Both quantities 

c a n  be defined, in a nondimensional form, by the same  set of thermo-fit  

coefficients. The two nondimensional quantities, enthalpy H; and f r e e  

energy /r; , to  which curves  are  to  be fitted a r e  presented below. 

Enthalpy : I 0 '  

A ;  - A; 
J n i l '  t i ,  = 

F r e e  Energy: 

F. = 
6;  'T' J 

where  

= static enthalpy of j th  species 

= heat of formation of jth species 

J 

hoJ' 
50' = f r e e  energy of jth species 

S: = universal  gas constant 

7' = temperature  

The polynomial equations which a r e  to be fitted to  thesequantities a r e  

and 

where  

( A ,  + 5); = thermo-fit  coefficients 

4; = constant which makes the nondimensional f r e e  energy, F; , 

compatible with the nondimensional enthalpy, H; 
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Fits a r e  made over two temperature  ranges. The first encompasses  

the tempera ture  ahead of the shock and only the coefficients 

a r e  required as inputs since the free  energy ahead of the shock is not calcu-  

lated. 

p rog ram requires A; 
this  range)  as  inputs. 

A I  through A5  

The second covers  the temperature  range behind the shock and the 

as  well as the five coefficients (called B1 5 f o r  

The curve-fitting is done by a least squares  program developed by 

F. E. Butler at CAL, which provides the five coefficients and 

given molecule and temperature  range. 

tion is descr ibed in Appendix 11, only a brief discussion of the method will  be 

presented here.  The input for the curve-fi t  p rogram is a table of tempera-  

t u re  (T),  enthalpy (H(T)), and f r e e  energy (F (T) ) ;  experience has  shown that 

seven  data points yield accura te  fits. 

slightly different sets of coefficients for  each temperature  range; one s e t  by 

fitting the enthalpy and one by fitting the f r ee  energy. The coefficients found 

by fitting the enthalpy a r e  then used to  compute values of the free energy fo r  

the selected temperatures .  Similarly, the coefficients found by fitting the 

f r e e  energy a r e  used to  compute values of the enthalpy at the given tempera-  

tu res .  

m o s t  accurately is then selected. 

the enthalpy give the best  overal l  resul ts .  

i8j f o r  a 

Since the program f o r  this calcula- 

The f i t  p rogram actually computes two 

The one se t  of coefficients which fits both the f r e e  energy and enthalpy 

Generally, the coefficients found by fitting 

As was mentioned previously, the curves  a r e  fit to  the data in  the 

f o r m  h* and 5 , given by Eqs. (14) and (15). 

u se  of the JANAF tables (Ref. 7), the curve-f i t  program was modified to 

pe rmi t  the input of enthalpy and f r e e  energy data a s  tabulated therein. If 

However, due to frequent 
3 
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this option is chosen, the program converts  the data to the proper  f o r m  be- 

fore  fitting. 

plished as  indicated in Appendix 11. ) 

(The conversion of the data f r o m  the JANAF tables is accom-  

This curve fit program has been used, for  example, to produce 

thermo-fit  data for the species present in  high temperature  air. 

of the coefficients for  a fourteen-species model  used in shock-wave compu- 

tations can be found in Ref. 8. 

A listing 

A detailed description of the input and output formats  for  the curve  

f i t  p rogram is given in  Appendix 11. 
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APPENDIX I 

REVISIONS AND MODIFICATIONS TO THE NORMAL SHOCK DECK 

This section of the report  presents  a detailed discussion of a l l  modifi- 

cations to  the normal  shock deck in the following order :  

I. 1 

I. 2 

I. 3 

I. 4 

I. 5 

I. 6 

I. 7 

I. 8 

I. 9 

Page 

INPUT CHANGES 14 

OUTPUT MODIFICATIONS 22 

FORTRAN PAUSE INSTRUCTIONS 22 

TAPE UTILIZATION 22 

POSSIBLE REASONS FOR PROGRAM TERMINATION 23 

DESCRIPTION O F  UTILITY SUBROUTINES 23 

CORRESPONDENCE O F  FORTRAN AND REPORT SYMBOLS 25 
(Supplement to list in Part 11) 

LIST O F  SUBROUTINES 26 

N E W  SUBROUTINES 26 

SUBROUTINES THAT WERE RETAINED 26 

SUBROUTINES THAT WERE CHANGED 27 

SYNOPSIS O F  NEW SUBROUTINES 27 

I. 10 FLOW CHARTS 28 
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I. I INPUT CHANGES 

A .  Changes to  existing cards  
I I 

) 
1. Second Card:  When entering values for  E' 70 , ro', MW, 

enter  values for  only t h r e e  of the four  quantities. The pro-  

g r a m  computes the value of the missing (blank) quantity f r o m  

the equation of state. Also, when entering values f o r  Ho , Lb', 

enter  only one of the two quantities. The program computes 

the missing (blank) quantity, 

2. Third Card: 

(a) TEST2 is now an  indicator f o r  the optional output of 

ra te  of production of species j f r o m  reaction L ,  QL'; J 

on utility tape 3. o indicates no. I indicates yes. 

(b)  TESTq: Maximum allowable running t ime in seconds,  

(c )  Change TEST5 to read  "Test  on loss  of significant - 

f3- f, 
y, - Y, figures in subtraction f o r  equation = - (-) 

used in modified Runge-Kutta integration method". 

See Ref. 3,  page 5,  i .e.,  

P =  - (  f ,  - f z  ) = - (  f 3  - f L  )h 2 

Y3 - >'t fz - f ;  
4, - fi 'z- '*  t  TEST^, r eve r t  to original 

If 171 Or  171 
Runge-Kutta method. 

We have used TEST5 = 5 x IO' 4 . 
3. Fourth Card: 

(a) Add to TEST6 the statement "When all values of I x;/ 
TEST6, program terminates".  

14 



Add TEST8. "Allowable relative change in  x, when 

11; I > TEST6 (i. e. ,  when out of band-width 

around zero)ll. 

Add TESTq. 

namic and chemistry print out. 

1 indicates yes. 

Add TESTIO. 

electrons; used in calculation of e lectrons/c .  c. 

An indicator f o r  the optional thermody- 

0 indicates no. 

"Species identification number ( j )  f o r  

B. Additional input ca rds  required f o r  the modified normal  shock 

program (see  Fig. 3) .  

1 .  Card  containing the five values of bow shock radi i  (cm)  used 

fo r  the normal  shock-bow shock correspondence calculation 

(see Ref. 4). 

c a r d  in the input deck (i. e . ,  behind the c a r d  containing TESTlI  

through TESTl5). 

the new sixth ca rd  should be left blank, but it mus t  always be 

included. If a correspondence solution is desired,  a l l  five 

values of the bow-shock rad i i  mus t  be nonzero to  avoid division 

by zero.  

This c a r d  is placed immediately behind the fifth 

If a correspondence solution is not desired,  

2. Thermo-fit  cards .  

These two c a r d s  contain the coefficients used f o r  an  empir ica l  

de sc ription of the species thermodynamics. 

The c a r d s  a r e  placed immediately behind the original group of 

four c a r d s  describing each species. The c a r d  with the coeffi- 

cients fo r  the low-temperature range is placed ahead of the 
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c a r d  with the coefficients fo r  the high-temperature range. 

These c a r d s  must  be included f o r  every species.  

species  not utilizing the thermo-f i t  method, the c a r d s  may be 

left blank. 

F o r  those 

3. Thermo-fit  indicator card .  

This c a r d  is  placed immediately behind the c a r d s  defining the 

init ial  species  concentrations. 

to  indicate which of the species  in a par t icular  problem will  

be handled by the thermo-fit method and which will be handled 

by the harmonic oscillator method. 

indicates that the species will be thermo-fit ;  a number z e r o  

o r  a blank space indicates that the species will  utilize the 

harmonic os  c illat or technique . 

The first  15 spaces  are  used 

A number I in a space 
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djk M A T R I X  DECK ( C  CARDS) 

REACTION D E S C R I P T I O N  DECK (TWO CARDS) 
FOR REACTION r 

REACTION D E S C R I P T I O N  DECK (TWO CARDS) 
FOR REACTION #I 

THERMO-FIT I N D I C A T O R  CARD 
S CONCENTRATION ( s  I N I T I A L  VALUES 

ARE NECESSARY) 

S P E C I E S  D E S C R I P T I O N  DECK (6  CARDS) FOR S P E C I E S  Is 

S P E C I E S  D E S C R I P T I O N  DECK ( 6  CARDS) FOR S P E C I E S  # I  

T E S T  I I  - TEST 15 

- AMBl ENT CONDIT IONS 

c- I DENT I F I CAT I ON 

F i g u r e  4 REV1 SED NORMAL SHOCK PROGRAM: CARD ORDER FOR 
DATA I N P U T  DECK 
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TERM1 MATING CARD HAS (-1 1 

nth RUN AS PER F I G .  4 

0 
a 

2nd RUN AS PER F I G .  4 
I 

L/ 1 s t  RUN AS PER FIG, 4 

Figure 5 R E V I S E D  NORMAL SHOCK PROGRAM: INPUT DECK ORDER 
FOR SUCCESSIVE RUNS 
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I. 2 OUTPUT MODIFICATIONS 

The program output has  been modified as  follows: 

1. 

2. 

3. 

The fivevalues of shock radius of curvature  used in the c o r r e s -  

pondence solution are  printed directly beneath the controls -and- 

constants paragraph. 

An indicator is printed af ter  each species name denoting whether 

that species ' thermodynamic propert ies  were  thermo-fit ( T - F )  

o r  computed by the harmonic oscil lator technique (H-0) .  

When a correspondence solution is performed, each output pa r -  

agraph includes the correspondence -mapping variable,  defined 

as denoting where,  

along the stagnation streamline,  the properties in the par t icular  

paragraph apply. The final nondimensional stand-off distance is 

printed below the las t  output paragraph. 

in  Ref. 4, a s  well as values of y , h k  

I. 3 FORTRAN PAUSE INSTRUCTIONS 

Pause  77777 Pause in subroutine SAVE(1). P r e s s  start to 

continue. 

1.4 TAPE UTIUZATION 

Tape Usage 

I Checkpoint device for save -and-r e s t a r t  procedure 

2 Optional thermodynamic and chemis t ry  when TESTg = 1 

and RKIND DUMPIND. 

3 Optional Q ; j  output when TEST2 = I 

5 System input tape 

6 System output tape 
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I. 5 POSSIBLE REASONS FOR PROGRAM TERMINATION 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

/ I 

STOP and L a r e  , where y YiTOP Y YSTOP; YSTOP = '7 

input parame te r s . 
I x ;  14 TEST(6) for i = I ,  ISR. TEST(6) is a n  input parameter .  

(This run termination will indicate that the run is llnear'l 

equilibrium. ) 

If the diagnostic "DETERMINANT = 0, NO SOLUTION" appea r s  

on the output, there  is probably an  e r r o r  in the 

input data. 

matrix 

Pause 77777. 

saved on utility tape I by subroutine SAVE. 

This pause occurs  a f te r  the program has been 

P r e s s  start to continue. 

Running t ime exceeded the allowable t ime specified in  TEST (4). 

The program will be saved on utility tape I and stops on pause 77777. 

If the diagnostic 'IEXP (Ea. OR GT. 80)" appears  on the output, 

then one of the radii  for  the correspondence solution is too small. 

Ay < A , .  = TEST (14). TEST (14) is a n  input parameter .  
win 

Run number = , which designates end of data, gives 
F o r t r a n  stop which re turns  control  
to  the monitor system. 

I. 6 DESCRIPTION O F  UTILITY SUBROUTINES USED IN THE REVISED 
NORMAL SHOCK PROGRAM 

I .  SUBROUTINE HOLRTH (6H.. . . . , A) 

Places  the six specified holleri th cha rac t e r s  in location A. 

2. SUBROUTINE SAVE ( I )  

Saves program on utility tape 1. 
at a la te r  date by using $RESTART card.  
the following manual: 

P rogram may be continued 
Details available i n  

IBM 7040/7044 Operating System (16/32K) 
File No. 7040-36 
F o r m  C-28-63 18-4 

P rogrammer ' s  Guide 
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3. SUBROUTINE COPY (I) 

Copies one F o r t r a n  file f rom utility 1 onto sys tem output unit. 

4. SUBROUTINE TYPEST 

Writes me ssage on the on-line typewriter.  
is as follows: 

The calling sequence 

CALL TYPEST 
Y Y Y Y  WRITE (6, XXXX) LIST 
XXXX FORMAT ( 1 

A ca l l  to subroutine TYPEST modifies F o r t r a n  statement Y Y Y Y  
s o  that the l i s t  according to format  XXXX appears  on the on-line 
typewrite r . 

5. SUBROUTINE TIME (NTIME, IND) 

Gives the running t ime in seconds for  a cu r ren t  run. The first 
call to TIME should have IND = 0 to  initialize the clock setting. 
Then se t  IND = I to get elapsed t ime in  seconds in location NTIME. 

Subroutine HOLRTH is included in the deck. 
COPY ( I ) ,  TYPEST, TIME a r e  MAP routines and therefore  not included 
in the deck. 

Subroutines SAVE, 

Instead, dummy routines a r e  included in the deck. 

6. SUBROUTINE DVCHK(J) 

J is set to: 1 if the Divide Check indicator is on, o r  2 if it is  
off. The indicator is left in the off condition. 

Details available in the following manual: 

IBM 7040/7044 Operating System (16/22K) 
F o r t r a n  IV Language 

Fi le  No. 7040-25 
F o r m  C-28-6329-3 

. 
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I. 8 LIST O F  SUBROUTINES 

Dec kname 

L G O O  
L G O I  
LG22 
LG23 
LG28 
LG29 

LG2 I 

NEW SUBROUTINES 

Subroutine Name 

MAIN PROGRAM 
MAIN 
SUB I I ( i )  
SUB 12 
MRK (JI, JZ, F, F D ~ T ,  DELF) 
MRKI (JI, JZ, F D ~ T ,  DELF) 

C@MM@N AND 
DIMENSIQN STATEMENTS 
(No flow cha r t )  

REF. 2 SUBROUTINES THAT WERE RETAINED 

Ref. 2 Deckname New Deckname Subroutine Name Flow Chart  (Ref.2) 

A16 

A15 

A13 

A12 

A 04 

LG 16 SUB2 

LG 15 SUB4 

LG 13 L C ~ U N T  

LG 12 MATRIX 

LG 04 TEST 2 

P 67 

P 66 

P 64 

P 62 

P 54 
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REF. 2 SUBROUTINES THAT WERE CHANGED 

Ref. 2 Deckname New Deckname Subroutine Name 

A02 

A03 

A05 

A06 

A07 

A08 

A09 
AI0  

AI I 

A14 

A17 

A18 

A19 

LG02 

LG03 

LG05 

LG06 

LG07 

LG08 

LG09 

LGIO 

LGI I 

LG14 

LG17 

LG18 

LG19 

DER 

TEST I 

READIN 

SUB 10 

I N I C ~ N  

WRITE 2 

ST$P 

SUB 6(j) 

SUB 5 

SUB I 

START 

WRITE 1 

SIMSOL 
(SINGLE 
PRECISI~N)  

I. 9 SYNOPSIS O F  NEW SUBROUTINES 

LGOO MAIN PROGRAM 

Calls subroutine MAIN 

LGOI Subroutine MAIN 

Original main program, which has  been modified and changed 
into a subroutine 

LG22 Subroutine S U B  I I ( i )  

Computes enthalpy f o r  a l l  the species 

LG23 Subroutine SUB 12 

Computes enthalpy, vibrational energy, specific heat and 
chemical  potential f o r  a l l  the species 
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LG28 Subroutine MRK ( J l ,  J2, F, FDPT, DELF) 

Computes the increment for  a dependent variable corresponding 
to a change in the independent variable (s tep s ize)  according to 
Eq. (9) of Ref. 3 

LG29 Subroutine MRK I ( J I ,  52, FDOT, DELF)  

Computes the increment for  a dependent variable corresponding 
to a change in the independent variable (s tep-s ize)  according to  
Eq. (XI) of Ref. 3 

I. 10 FLOW CHARTS 

Flow char t s  for  the new and the modified subroutines a r e  given on 
pages 29 to 47. 

28 



LGOO 

29 



I 1 



1 

r ,  I 

'1 $ .  

f ;  

I N  



Iy 

I 



I ( - -  - - _  - _ _ - -  



E 7 

I 
l -  



i 

, 

33 



34 



t/€S 
/ O / O - / O ~ O  

1 I 

//a o 
1 

/ / J O  
1 

35 



>O w- 
uo02 
I 

3 6  



LG09 

I 

n l  

I 

I 1 

37 



L t / O  

38 



LG//  

I ffo 

I 

39 



I 

S,F2 =LO 

/oor-/o 0 6  
I 1 

40 





42 



L G/9 

m 4 

26 

,- 

43 



LG 22 

. 



LG 23 

NO 
0. - - 

=O In.*, 

45 



BOO / 



1 
9000 99 



APPENDIX II 

CURVE-FIT PROGRAM 

11. 1 INPUT DATA AND CARD FORMATS 

11. 2 CONVERSION O F  JANAF DATA 

11. 3 CURVE-FIT PROGRAM PROCEDURE AND 
OUTPUT FORMAT 

Page 

49  

51 

53 
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11. I INPUT DATA AND CARD FORMATS 

The input format  for the curve-fit p rogram i s  given by Fig. 6. 

The f i r s t  ca rd  is for  the purpose of identification. 

ca tes  how many data points a r e  to  be provided and the maximum tempera-  

t u re  in  the range. It a l so  includes a n  indicator (NJ),  which is 0 when 

the data on the following ca rds  is in the f o r m  given by Eqs. (14) and (15), 

and 1 when the data is in the form given by the JANAF tables ( see  

page 51). In the la t te r  case ,  the value of ( * ; ) T ~ = o  must  be supplied on 

the second card.  The following cards  convey the temperature ,  enthalpy 

and f r e e  energy for  each data point. 

c a r e  should be taken to use the proper signs and units, a s  ?V 

in ki localor ies /mole and ( -  

The second c a r d  indi- 

(When JANAF data is used directly,  

is given 

) is tabulated.) - 

I .  

I 
I -  
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11.2 CONVERSION O F  JANAF DATA 

Enthalpy: 

The JANAF data is in the f o r m  

where R f  is  the static enthalpy of the jth species (calor ies /mole) .  

The thermo-fit  data must  be in  the form 

where 

universal  gas  constant and 7' is the tempera ture  (OK). 

is  the heat of formation of the jth species ,  Rd is the 

# 
The ref o r  e 

and finally 

The JANAF data is in the f o r m  

.. 

where E"' is the f r e e  energy of the jth specizs (calor ies /mole) .  
J 
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The thermo-fit  data must  be in the f o r m  

I 

= 2- %' [ Y -  -+(WT~..] 
The following table i l lus t ra tes  the procedure as applied to ozone; 

with R', = 1.98647 mole - eK c a l  

mole - OK 4 
F 

9 7 * ,  0 - 
T' 

1.237 -34.320 

Ti0&) 7+ 8 - %f,. H F 
2000 21.959 24.433 6.150 -69.413 

2500 28.959 31.433 6.329 -7 1.933 0.990 -35.713 

3000 36.023 38.497 6.460 -74. 084 0.825 -36. 879 
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11.3 CURVE-FIT PROGRAM .PROCEDURE AND OUTPUT FORMAT 

Given: 7 :  H ( T ' )  , F(7'1 

(Either d i rec t  input o r  derived f r o m  input JANAF data)  

Procedure  : (Ref to Fig. 7)  

1. 

2. 

3. 

4. 

5. 

6. 

Fit polynomial Eq. ( 1  6) to the f i ( T ' )  data and thus 

determine one se t  of thermo-fit coefficients, A 1 + 5 

(1st  line of output, labelled "Eq. (16)"). 

Using these coefficients i n  Eq. ( 16) ,  calculate /-/ 

fo r  each input value of 'T' (3rd column of output, 

labelled "H(Eq. 16)"). 

Using the same coefficients in Eq. (17), calculate 

for  each input value of T '  
U L C  

F r o m  the formula 

calculate k fo r  each input value of T '  (last column of 

output, labelled I1KI1) 

Average this s e t  of 4 ' s  to  get a single value to accompany 

fl,+5 as determined in I tem I above. (Last i tem in first 

line of output) 

Using the now-completed, f i r s t  s e t  of constants (based on 

Eq. ( 1 6 )  and comprising the first line of output) in  Eq. (17), 

calculate 

printout, labelled "F(Eq. 16)") 

F(T') fo r  each input value of T' (6th column of 
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7. Fit polynomial Eq. (17)  to the F(T')  input data and thus 

determine a second se t  of thermo-fit constants,  A,,, and 

(2nd line of output, labelled "Eq. (17)")  

8. Using this complete se t  of constants, calculate F(ryfor 

each input value of T (7th column of output, labelled 
1 

"F(Eq. (17)") 

9. Using the s a m e  coefficients in Eq. ( 1 6 ) ,  calculate H(T') 

f o r  each input value of T'  (4th column of output, labelled 

"H(Eq. (17)"). 

54 



, 

55 


